Superconductivity was recently found in the tetragonal phase FeSe. A structural transformation from tetragonal to orthorhombic (or monoclinic, depending on point of view) was observed at low temperature, but was not accompanied by a magnetic ordering as commonly occurs in the parent compounds of FeAsbased superconductors. Here, we report the correlation between structural distortion and superconductivity in FeSe 1Àx thin films with different preferred growth orientations. The films with preferred growth along the c axis show a strong thickness dependent suppression of superconductivity and low temperature structural distortion. In contrast, both properties are less affected in the films with (101) preferred orientation. These results suggest that the low temperature structural distortion is closely associated with the superconductivity of this material.
Superconductivity was recently discovered in tetragonal
FeSe 1Àx with transition temperature T C $ 8 K [1] . Partially substituting relatively larger Te ion on the Se sites was found to enhance the superconducting transition temperature T C [2, 3] . It was also found that the application of high pressure can further increase the T C to $39 K [4] . More detailed studies of this system, which has the simplest Fe planar structure, may provide critical information to better understand the origin of superconductivity in the Fe-based superconductors. Early muon spin rotation and NMR experiments [5, 6] suggested that FeSe 1Àx is an unconventional superconductor. A more recent detailed NMR study [7] pointed out that superconductivity in FeSe 1Àx might have similar origin as that of the electron-doped Fepnictide superconductors. However, it is noted that a low temperature structural distortion was observed in FeSe 1Àx superconductors [1, 8] without accompanying a magnetic ordering. This observation appears quite different from the Fe-pnictide superconductors. In the parent compounds of the Fe-pnictide superconductor, there exists a magnetic order, which comes with the low temperature tetragonal to orthorhombic structural transformation [9, 10] . The structural transformation and magnetic ordering are suppressed with increasing doping, and subsequently, superconductivity appears. Wu et al. have reported the suppression of the superconductivity in Cu-substituted ðFe 1Àx Cu x ÞSe 1Àx samples [11] . It was also observed that there was no low temperature structural distortion in the nonsuperconducting ðFe 1Àx Cu x ÞSe 1Àx samples. This correlation suggested that the low temperature structural distortion might be essential for the occurrence of superconductivity. It is therefore important to establish the correlation between the occurrence of superconductivity and a low temperature structural distortion with pure and high quality FeSe 1Àx samples. Here, we report the observation in FeSe 1Àx thin films that the superconductivity exhibits strong orientation and film thickness dependence, which suggests that the occurrence of superconductivity in FeSe 1Àx is closely correlated with a low temperature lattice distortion.
The superconducting tetragonal FeSe 1Àx thin films on (001) MgO substrates were grown using a pulsed laser deposition (PLD) technique [11] . The structures of deposited films were first characterized by an x-ray diffractometer. Detailed structure analysis at low temperature was performed using 4-circle x-ray diffractometer with incident beam (12.4 keV) at BL13A in NSRRC and BL12B2 in Spring8. High resolution transmission electron microscope (HRTEM) and scanning transmission electron microscope/ energy dispersive x-ray analysis (STEM/EDX) were also used to determine the film characteristic at the interface and the composition homogeneity, respectively. The temperature dependence of resistivity was characterized in a Quantum Design physical property measurement system (QD-PPMS).
We prepared FeSe 1Àx thin films on (001) MgO substrate at various temperatures. We present here only those films with the substrate temperature set at 320 C (hereafter we designate these as LT-FeSe films) and 500 C (hereafter, we designate these as HT-FeSe films). Figure 1(a) shows the x-ray diffraction patterns for LT-FeSe and HT-FeSe films, respectively. The thicknesses of both films are estimated to be $140 nm. We observed in the LT-FeSe sample only (001) peaks of the tetragonal phase FeSe 1Àx , suggest-
week ending 11 SEPTEMBER 2009 0031-9007=09=103 (11)=117002 (4) 117002-1 Ó 2009 The American Physical Society ing strong c-axis preferred orientation. However, the HT-FeSe film shows the (101) peaks to be dominant. Figure 1 (b) displays the -T curves of the LT-FeSe and HT-FeSe films, respectively. It is surprising to observe that the LT-FeSe film exhibits only a slightly resistive drop at 2 K without a complete superconducting transition. On the contrary, a clear superconducting transition takes place in the HT-FeSe films. The superconductivity is strongly correlated to the growth orientation of the films. Detailed transmission electron micrographs for the HTand LT-FeSe films are shown in Fig. 2 . The film growth direction is along (101) for the HT-FeSe in (a) and (001) for LT-FeSe in (b), revealed by the selected-area electron diffraction (SAED) patterns as shown in the insets. The SAED patterns indicate that both films are well-aligned with MgO substrates. However, a transition layer around 3 to 6 nm was found in (a) while a much thinner ( 1 nm) transition layer is in (b).
The suppression of superconductivity for the LT-FeSe thin film was puzzling, particularly since the samples showed pure tetragonal phase with nearly epitaxial growth on the substrate. We next prepared a series of LT-and HTFeSe with different film thickness. Figure 3(a) shows the resistive superconducting transition of LT-FeSe films with thickness ranging from 140 nm to 1 m. As the film is made thicker, the onset T C of film recovers more closely to the bulk result, as shown in the inset of Fig. 3(a) . On the other hand, the HT-FeSe film does not exhibit significant film thickness dependence, as shown in Fig. 3(b) and inset. The superconducting transition temperatures for HT-FeSe films are close to the bulk sample value. 
FIG. 1 (color). (a)
The x-ray diffraction pattern of LT-and HTFeSe 1Àx films. At higher growth temperature, the intensity of (00l) peaks weakens while the (101) peak intensity becomes stronger. (b) The -T curves of LT-and HT-FeSe 1Àx films grown at different substrate temperature. At higher growth temperature, the -T behavior is more metallic-like, and a clear superconducting transition is observed only for HT-FeSe. The inset is a close-up of the -T below 15 K.
To better understand the observed behavior, we examined several factors. The possibility that the superconductivity disappearing in thin LT-FeSe films, but reappearing in thicker films, is due to the presence of Se-content gradient on the film can be ruled out from the detailed STEM/EDX mappings (shown in supplementary information [12] ) of the 1 m thick LT-FeSe film. The Fe and Se concentrations were found uniformly distributed along the growth direction, out of substrate plane. Another possibility is the strain effect from the interface because of the lattice mismatch between the thin film and the substrate, which could extend or compress the lattice constants. This may subsequently affect the physical properties of the film, especially for thinner ones. However, the lattice constants derived from the high resolution x-ray diffraction of the sample are found very close to the values of the bulk in both LT-and HT-FeSe samples, a ¼ 3:78 A and c ¼ 5:54
A at room temperature. Thus, it is unlikely for the lattice mismatch to be the dominant cause for the observed strong thickness dependence of superconductivity in the LT-FeSe.
This unusual observation led us to investigate in detail whether the low temperature structural distortion observed in the superconducting FeSe could be the cause of such unusual film thickness dependence. Figure 4(a) is the x-ray diffraction (220) peaks at different temperatures of the superconducting HT-FeSe film (thickness $400 nm). The results clearly show the splitting of (220) peak confirming the presence of a structural distortion as reported in bulk samples [1, 8] , which occurs around 82 K. Thus, the lattice strain due to lattice mismatch between the film and the substrate does not affect the structural distortion of HTFeSe film at low temperature. On the other hand, the LTFeSe film with 140 nm thickness, which is not superconducting, shows no structural distortion at low temperature as only one single peak appears in the x-ray diffraction pattern at high and low temperatures, Fig. 4(b) . However, in the diffraction pattern of 1 m superconducting film, the (221) diffraction peak gradually becomes broadened, and the maximum value is decreased as the temperature decreases to 10 K, as shown in Fig. 4(c) . This indicates that in LT-FeSe thin film the low temperature structural distortion is suppressed by the interface effect, but this effect can be gradually released as film thickness increases.
These results can possibly be understood with the following picture. The LT-FeSe film, which exhibits (00l) preferred orientation, would experience stronger lattice strain effect so that the atoms in the FeSe a-b plane close to the film-substrate interface are pinned to the substrate atoms. Since the low temperature lattice distortion occurs within the a-b plane, the structural distortion in thinner LTFeSe films is most likely suppressed by this lattice strain effect. This strain effect is gradually relaxed as the film thickness increases. In contrast, the lattice distortion in the HT-FeSe film is obviously not affected by the substrate strain effect because the film aligns preferably along (101) orientation.
These results strongly support the conjecture that the dependence of superconductivity on film thickness is associated with the ability of the lattice to undergo low temperature structural distortion, and further confirm the importance of the low temperature structural distortion to the origin of superconductivity in the FeSe system. Although the actual mechanism has yet to be identified, our results may provide an important clue to understand the origin of superconductivity in FeSe.
In summary, we have successfully deposited tetragonal FeSe 1Àx films on (001) MgO substrates by the PLD technique. The deposited FeSe film has (001) and (101) preferred orientations when grown at 320 C (LT-FeSe) and 500 C (HT-FeSe), respectively. Strong thickness dependence of superconductivity is observed in the LT-FeSe films, but essentially no thickness dependence is observed in the HT-FeSe cases. The LT-FeSe films have a T C much lower than that of HT-FeSe films which is close to the bulk value. Furthermore, high resolution x-ray diffraction shows the low temperature structural distortion of LT-FeSe films is strongly suppressed in thinner films and is recovered gradually for thicker films. On the contrary, both superconductivity and low temperature structural distortion are not affected in HT-FeSe films. Our results strongly indicate the correlation of the low temperature structural distortion to the occurrence of superconductivity in these FeSe thin films.
